Abstract-The world of Cognitive Radio (CR) technology comprises of intelligent wireless communication systems, designed using transceivers that are apt to automatically detect and access available communication channels in Radio Frequency (RF) bandwidths, aiming to maximize the employment of the RF spectrum and abate the interference between users. In primary transmitter detection i.e. non-cooperative spectrum sensing techniques, the licensed primary users (PUs) of the network are perceived based on the signals that the unlicensed secondary users (SUs) receive. This paper provides an insight into one such method, namely, the energy detection technique, which has a low computational complexity and can be implemented with ease, due to the generic nature of the concept that it follows. However, the detection of weak PU signals can turn out to be a challenging endeavor, especially across noisy channels, and therefore calls for a more sophisticated approach to sensing spectrum. A matched filter can be used to obtain supplementary information regarding the channel activity, help individuate the transmitted pulses from the noise, and reduce the detrimental effects of unlicensed signal interference. The proposed algorithm attains results from a matched filter and implements it within the energy detector, and analyzes the signals over a channel of Additive White Gaussian Noise (AWGN) for a range of Signal-to-noise ratios (SNRs), which are then assessed via Receiver Operating Characteristic (ROC) curves with probability of detection (Pd) and probability of false alarm (Pf) as performance metrics.
INTRODUCTION
Spectrum scarcity is fast becoming a critical global issue in the field of wireless communication due to the increasingly high demand for the use of the limited natural resource that is the electromagnetic RF spectrum. Spectrum bands being statically allocated furthers the underutilization of the unoccupied spectrum, and since wireless operators are allotted exclusive licenses for operating in particular frequency bands, the conventional approach to spectrum management is notoriously stringent.
CR technology comes as a solution which recompenses greatly for the problem of spectral overcrowding and scarcity through opportunistic utilization of the RF bands left vacant by the PUs [1] , and through enabling Dynamic Spectrum Access (DSA) which leads to a more systematic use of the scarce resource in question. One of the most imperative aspects of the CR technology according to [1] is the ability of computing, discerning, learning, and being conversant with the parameters affiliated to the radio channel attributes, including knowledge about the obtainability of spectrum and of power, nodes and networks, the entire infrastructure as so we speak; the user prerequisites and solicitation, local conventions, and the operating precincts. Spectrum sensing can thus be termed as the venture of attaining cognizance regarding the occupancy of the spectrum, as well as perceiving the presence and transmissions of the PUs within a particular licensed spectrum at one location by carrying out recurrent sensing of a target frequency band and the incumbent operations [2] .
Historically, the conventional energy detection has proven to be the most commonly deployed technique for spectrum sensing [3] as signal detection can be carried out without possessing any prior knowledge. However, its ranking in terms of performance in comparison with other non-cooperative sensing techniques like matched filter and cyclostationary feature detection, is menial. The energy detector can merely detect the presence of a signal, but it cannot distinguish its type. For instance, if an SU transmits during quiet periods, without having any antecedent knowledge about the signals that are transmitted, a CR will be unaware of the sources and therefore be unable to identify the target signal from interfering signals, giving rise to false alarms being registered by the CR [3] . Due to the vulnerability of the energy detector to noise power uncertainty, in case the channel is noisy, detection of transmitted pulses in the received signal may prove to be highly problematic as well.
When information regarding the modulation and packet format of a PU's transmitted signal is known, however, within the confines of linear filters, a matched filter heightens the SNR for additive stochastic noise [4] . Hence, our proposed algorithm cartels the result from a matched filter and appends it within the energy detector, the process requiring minimal changes in hardware. It strives to upgrade the performance of the conventional energy detection technique by comparing a known signal -the template of the PU signal, with the received signal at the SU through cross-correlation before the signal energy is obtained and compared with that of the threshold. After the calculation of P d , ROC curves were generated, which are graphical plots exemplifying the analytic capability of a binomial classification system (PU is present, or PU is absent) for varying degrees of its discrimination threshold. Our novel algorithm is heavily dependent upon the formula for energy threshold presented by Liang et al. [5] .
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II. LITERATURE REVIEW

A. Wireless Communication Systems
Radio waves are the basic units of construction for radio communication, which display divergent propagation characteristics based upon the frequencies, and are suited for different wireless applications accordingly. The range of 3 kHz to 300 GHz is primarily used for wireless communication technologies worldwide, and bandwidths are assigned to different licensed entities by the governments of different nations across the globe.
B. Software Defined Radio
Software Defined Radio (SDR) is delineated by the Federal Communications Commission (FCC) as a piece of equipment in which software is solely responsible for the control of the operating features, enabling it to be programmed with coded instructions to transmit and to receive signals on numerous frequencies, and work various formats of transmission as supported by the design of its hardware [6] . Therefore the range of frequencies, type of modulation, maximum output power, as well as the conditions under which the transmitter functions, while conforming to the rules set by the Commission, can be rendered for SDRs without modifying the hardware components -by simply making alterations in the software [6] .
C. Cognitive Radio
Dr. Joseph Mitola III was the first to instigate Cognitive Radio technology during a seminar at the KTH Royal Institute of Technology, Stockholm, in 1998. Mitola [7] expounded it in his doctoral thesis as "The point in which wireless personal digital assistants (PDAs) and the related networks are sufficiently computationally intelligent about radio resources and related computer-to-computer communications to detect user communications needs as a function of use context, and to provide radio resources and wireless services most appropriate to those needs" [7, p. 10] .
Alternatively, a CR can be referred to as a smart wireless communication equipment that is well acquainted with its surroundings, and elucidates by itself the different aspects that belong to it in order to learn and unravel its workable states to counter the variations in the incoming RF stimuli in real-time [8] . The cognitive users are the SUs in a CR network which practice expediency when it comes to using unutilized spectrum belonging to primary networks, without resulting in any cataclysmic interference with the PU, and emptying the spectrum the moment the PU reappears [9] . The international standard IEEE 802.22 carries forth the notion of CR technology by allowing the ingress of unlicensed users into the spectrum apportioned for TV services in order for them to avail Wireless Regional Area Network (WRAN) services.
D. Primary and Secondary Users
The primacy of Primary Users (PUs) over Secondary Users (SU) is what essentially creates the disparity between the two kinds of users of the RF spectrum. PUs hold higher priority on the employment of a designated portion of spectrum as compared to SUs, the SUs capitalize on that spectrum in a way that causes no interference with the PUs. Thus, SUs require qualities including the capability of reliable sensing of spectrum to inquire whether or not the band is occupied by a PU, as well as to adjust its operating parameters to do the needful [1] .
E. Spectrum Sensing in Cognitive Radio
Spectrum sensing is predominantly defined as the working out of spectral content or the quantification of the radio waves i.e. the RF energy; however, it also revolves around obtaining the facets of spectrum utilization across numerous scopes including frequency, geographical space and time, as well as the code and angle [1] . Spectrum sensing can be non-cooperative, cooperative or interference-based.
F. Non-cooperative Spectrum Sensing
Non-cooperative spectrum sensing is carried out by unlicensed SUs to discern the signals transmitted by the licensed PUs through local computations and observations [2] . In coherent signal detection techniques, precedent information regarding the PU's signal is needed so that comparisons of signal features can be drawn between the one that is transmitted and the one that is received, e.g. matched filter. Non-coherent detection techniques on the other hand, collate the received signal to a threshold that does not depend upon any knowledge regarding the PU's transmitted signal, e.g. energy detection [10] . 
III. ENHANCED ENERGY DETECTION USING MATCHED FILTER
It is occasionally justified to regard a signal as a function of a random process if its characteristics are unspecified. The use of a matched filter or its correlator counterpart is valid if Gaussian noise and known signal forms are dealt with, novel detectors can also be devised through proper utilization of these techniques [11] .
A. Conventional Energy Detection Algorithm
The energy detector is built around the principle that the transmitted signal will only be perceived by drawing comparisons of its results against a threshold which relies upon the signal and noise variance. We worked with arbitrarily small values of P f by using a sufficiently large observation time, signals received with low SNR values, and a predefined suitable threshold energy level under Constant False Alarm Rate (CFAR). Signal-to-noise ratio (SNR) generically refers to the unit less ratio of the coveted signal to the proportion of background noise, it parameterizes the completion of most favorable signal processing systems when the noise is Gaussian [12] . In practical radar signal detection systems, detecting a target automatically in a non-stationary noise background while sustaining a continual P f is difficult. CFAR detection -which is a typical conformation of the adjustable algorithms that are deployed in radar technology to unmask target returns against a background of undesirable echoes, noise, and interference -is the key to solving this problem [13] .
The chief metrics that govern the detection performance of an algorithm are as follows:
Probability of detection (P d ): The probability of an event where a CR detects a PU when the spectrum band is in use i.e. correct detection of signal.
Probability of false alarm (P f ): The probability of an event where a CR detects a PU when the spectrum band is in fact free i.e. incorrect detection of signal.
Statistical theory assessment is archetypally performed in order to evaluate results for a binary conclusion concerning the presence of PUs. It is a traditional hypothesis testing concept, where H 0 refers to the null hypothesis, stating the fact that there is no PU present in a particular band, and H 1 is the alternative hypothesis, which confirms the occupancy of the PU in the frequency band in question. A test statistic is collated with a threshold to discern the difference between the hypotheses, and the performance of the system is judged in terms of P d and P f . The paradigm for signal detection at time t can be described as [5] :
After passing through a noise pre-filter or a Band Pass Filter, the received signal is expressed as a function of observation time t, denoted as x(t) (t = 1,2,...,N), N being the number of samples used. Here, n(t) represents the Additive White Gaussian noise (AWGN), which is an elemental model for noise that mirrors the repercussions of the innumerable random processes that take place in nature, assumed to have zero-mean and variance σ n 2 ; s(t) is the transmitted signal of the PU, with zero-mean and variance σ s 2 ; lastly, h represents the channel gain. Taking into account the signal and the noise variance, the SNR for random variables can be defined as: [12] 
Where there is an adequate number of sample points N, the discrimination threshold i.e. the energy threshold, can be procured for a target P d or P f [5] . Within the environment of hypothesis H 1 , the threshold λ Pd can be set for a Constant Detection Rate (CDR) for a target P d as follows: [5] 
Consequently, within the environment of hypothesis H 0 , the threshold λ Pf can be set for a Constant False Alarm Rate (CFAR) for a target P f as follows: [5] 
The energy threshold emanating from CFAR is customarily used in traditional energy detection algorithms; hence, we have employed the equation (4) in our formulated algorithm.
B. Pseudo code of our Algorithm
The pseudo code for our proposed algorithm has been transcribed below, the design of which is explained in Section C. 
C. Design of our Algorithm 1) SNR, Noise Variance and Signal Variance
The SNR expressed in a logarithmic scale in decibels (dB) can be determined using the formula in Since we are implementing Gaussian signals, we assumed for our sensing algorithm, a noise variance with zero-mean and variance 1, i.e. σ n 2 =1. Substituting this value into (5) the value of the signal variance can be attained, which is used to construct the transmitted signal of the PU for our algorithm. The formula for the signal variance, as expressed in equation (6) , is therefore:
2) Energy Threshold under CFAR
The sample size for the algorithm is defined by the variable N. We fixed the values of P f to be within the range of 0 to 1, and considered a minimal value of 100 samples for our dissertation. The Q-function primarily calculates the probability of an event under a part of a Gaussian curve by working out the area under a portion of that curve. Since we implemented an energy threshold under CFAR, after incorporating the value of noise variance in the equation given by Liang et al. [5] , we derived the formula of energy threshold for a target P f as follows:
3) Construction of the Signals Following the determination of the energy threshold, we considered 10 4 Monte Carlo simulations to attain our coveted output. However, if the number of simulations were higher, the randomness would decrease and the ROC curves would become smoother. In each iteration we generated a noise vector of sample size N with random values, having zero-mean and a variance of 1, to be the AWGN (background noise in our simulation environment). A real valued Gaussian signal was produced to be the PU's transmitted signal by calculating the product of the square-root of signal variance achieved from equation (6) and another vector of random values. We then added the real valued Gaussian signal and the AWGN together to create a realistic received signal at the SU.
4) Simulation Setup using ©MATLAB 2017a
We applied the built-in random function 'randn()' to generate AWGN -the background noise of the channel under study. We used the same function while creating the real valued Gaussian signal that was transmitted by the PU. To create the matched filter template of the PU's transmitted signal, we used the Phased Array System Toolbox™ in ©MATLAB 2017a, which comprises of pulsed as well as continuous waveforms, and algorithms for signal processing for the code acquisition method of matched filtering. The 'LinearFMWaveform()' object from the package 'phased' was used in our algorithm, to construct a linear frequency modulated pulse waveform. After generating the step response, we implemented the 'getMatchedFilter()' function to obtain the matched filter coefficients for the waveform. Lastly, we used 'phased.MatchedFilter()' to create the matched filter system object which we then passed through the step function one more time to generate the final PU signal template. In order carry out cross-correlation between the PU's signal template and the received signal at the SU, we used the built-in cross-correlation function 'xcorr()', and proceeded with the detection algorithm.
5) Cross-correlation of the Signals and Determination of the Signal Energy, P d and P m
We cross-correlated the received signals with the matched filter template of the PU signal, the parts that were matched and in phase with the received signal samples at the SU, were maximized. We used these resulting signals, considered absolute values and mathematically squared them, just like the squaring device in a traditional energy detector does. We then used these values to determine the energy received from the signal after integrating the squared value over a substantially large period of time. Monte Carlo methods impart a way out of intricate exponential increases in computation time, which was greatly useful for our algorithm.
This received energy, E, in equation (8) was used as the test statistic for our algorithm, and we therefore compared it with the energy threshold we obtained in equation (7); the results were stored for all of the 100 samples with accordance to the binary hypothesis. We divided the number of detections (where the signal energy, E was greater than the energy threshold, λ) by the number of Monte Carlo simulations, in order to find the P d . We obtained the probability of missed detection (P m ) by subtracting the value of P d from 1. We then found the ROC curves with the resulting values of P d and P f .
D. Block Diagram and Flowchart
The novel sensing algorithm has been created following the footsteps of the conventional energy detector. The block diagram for our proposed model is presented in Fig.1 . The Band Pass Filter is deployed in the transmitter (the PU) to segregate certain frequencies lying within a specific range to confine the bandwidth of the output signal to the band allocated for the transmission. The flowchart of our proposed model presented in Fig. 2 describes how the final deductions regarding the channel occupancy are made -if the calculated energy of the signal received at the SU is greater than that of the threshold, it can be said that the PU is present. If not, it can be inferred that the PU is absent, and a spectrum hole or white space is available for usage by the CR. 
A. Received Signal before and after Cross-correlation
When a receiver uses matched filtering, the correlation function of the input signal and the desired signal is the output of the detector [14] . Therefore the SU, in actuality, is receiving the correlation function of the received signal and the PU signal 
C. P d vs. P f of the Algorithms at a Fixed SNR Value
According to the spectrum sensing requirements set by IEEE 802.22 for detection accuracy, the specifications on probability of detection (P d ) and probability of false alarm (P f ) are [15] ,
While considering P f = 0.1, the P d for the conventional algorithm is approximately 0.42, whereas the P d for the enhanced algorithm is approximately 0.96. The simulation results of P d vs. P f in Fig. 5 for a fixed SNR value of -10 dB show that our proposed algorithm is justified in accordance to the IEEE 802.22 requirements, and it can considerably improve the system performance of a conventional energy detector. Fig. 6 is a curve for probability of missed detection (P m ) vs. probability of false alarm (P f ) at a fixed SNR value of -10 dB. The value of P m for the enhanced algorithm is substantially lower than that of the conventional algorithm, which is satisfactory. 
D. P m vs. P f of the Algorithms at a Fixed SNR Value
E. ROC Curves for a Range of SNR Values
The resulting graph formulated in Fig. 7 is an ROC curve for a set of five different low SNRs within the range of -25 dB to -5 dB. The value of P d varies from 0.18 to 0.84 for the conventional energy detection algorithm when P f = 0.1. On the other hand, for the ROC curve of the enhanced energy detection algorithm using matched filter, as shown in Fig. 8 , the value of P d varies from 0.925 to 0.985 when P f = 0.1. This marks a significant degree of improvement over the conventional energy detection technique. The energy detector is said to carry out an absolutely unsighted detection of signals as it does not stipulate a signal's structure prior to spectrum sensing, and can ascertain the presence of a PU only when the energy from the received signal level surpasses that of the threshold. High P d decreases the interference inflicted upon PUs, while low P f decreases the amount of missed spectral opportunities in the secondary network. Therefore the results obtained from the enhanced energy detection algorithm aided by matched filter were quite satisfactory in terms of the performance metrics of P d and P f . Our proposed algorithm can substantially enhance the system performance and help reduce unlicensed interference during spectrum sensing in CR networks. Our goal is to make this novel algorithm more tuned to the real-world. We hope to work on proper modulation of the signals, take fading models into consideration, and study error performance and throughput under different channel conditions. By applying Quadrature Amplitude Modulation (QAM) with Orthogonal FrequencyDivision Multiplexing (OFDM) onto the signals, we can reduce the bandwidth of each channel by the number of multiplexed sub-carriers plus a guard band, so the channel interference will be significantly less. Since there already exists a method and circuit for fine timing synchronization in the OFDM baseband receiver for IEEE 802.11A/G WLAN standard, and the protocol IEEE 802.22 is compatible with all other 802 protocols from the past, our algorithm will require minimal changes in the hardware and therefore can be implemented.
